1. Introduction {#sec1}
===============

Wind comfort and wind safety for pedestrians are important requirements for city design and urban planning \[[@bib1]\]. For subtropical high-density cities such as Hong Kong, in order to mitigate the negative effects of the urban heat island, good ventilation is required for healthy living and comfortable thermal sensations \[[@bib2],[@bib3]\]. After Hong Kong was hit by the Severe Acute Respiratory Syndrome (SARS), from which many people died in 2003, the Hong Kong government started discussions among various government departments and consulted relevant professional institutes and stakeholders regarding the standards, scope, and mechanism for application of an air ventilation assessment (AVA) system to improve the urban wind environment \[[@bib4]\].

Afterwards, a set of planning guidelines was promoted based on a series of studies. The Housing, Planning and Lands Bureau and the Environment, Transport and Works Bureau jointly issued the Air Ventilation Assessment Technical Guidelines (AVA-TC06-01) in 2006. Meanwhile, a new chapter on ventilation assessment was also incorporated into the Hong Kong Planning Standards and Guidelines (HKPSG). These two documents, setting out the framework and requiring all major government departments to include AVA as one of their planning and design considerations, were the first to address weak wind problems \[[@bib5]\]. Unlike the guidelines of many countries for dealing with wind gust problems, the Hong Kong AVA is specifically designed to deal with weak wind conditions in congested urban areas under a hot and humid subtropical climate \[[@bib4]\]. The world\'s first weak-wind urban AVA system has been applied in Hong Kong in the city\'s design and planning practices for more than a decade.

However, the current AVA methodology is known to have limitations in that it cannot correctly predict urban air ventilation performance in some areas of Hong Kong where convective motion is prominent due to inhomogeneous surface heating in weak wind conditions \[[@bib6]\]. One possible cause is that the current AVA methodology adopts the neutral assumption for the atmospheric boundary condition, which is justified only when mechanical turbulence has a greater influence on ventilation than buoyancy-induced turbulence under high background wind speed. However, the neutral assumption does not adequately represent the actual situation, as the daytime atmospheric boundary is likely to be unstably stratified, particularly under clear sky and low wind conditions \[[@bib7]\]. More importantly, the most crucial situations for urban ventilation are those in which only a low-speed background wind is present. The neutral assumption that supposes that buoyancy-induced turbulence has only a minor influence on ventilation is not true in such a condition.

The atmospheric stability of the urban boundary layer is well known \[[@bib8]\]. Meanwhile, many urban ventilation studies have used wind tunnel testing and computational fluid dynamics (CFD) models with a neutral assumption \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\]. But very few studies have addressed the effects of diabatic conditions on urban ventilation. A study of thermal effects on turbulence coherent structures found that when thermal effects are included by surface heating in large-eddy simulation (LES), the spanwise flow is stronger within an idealized building array compared to the neutral case \[[@bib16]\]. Another LES study suggested that roof heating, in combination with building walls and ground heating, is important in the strength and location of the canyon vortex \[[@bib17]\]. Both of these LES studies used idealized urban geometries (cubical building arrays). Using Reynolds-averaged Navier-Stokes (RANS) simulations of two simplified Hong Kong city models, Yang and Li pointed out that airflow in street canyons is dependent on thermal stratification when wind speed is small relative to the buoyancy force \[[@bib18]\]. However, how pedestrian-level ventilation under thermal stratification differs from neutral conditions in a realistic urban complex is indistinct.

The neutral assumption is widely adopted in AVA practices, mainly because of its low computational cost and the ease with which it can be realized in numerical simulations and wind tunnel tests. When thermal conditions, specifically unstable stratification, are considered in ventilation, there will be additional challenges: First, a larger model domain is required to catch the larger turbulent structures in unstable simulations than in the neutral condition, while the grid size has to be kept small to sufficiently resolve the street-level air flows \[[@bib19]\]. Second, special attention should be paid to the lateral boundary conditions to ensure that they will not artificially modify the wind environment within the assessment region. For instance, the radiative outflow condition in the non-cyclic boundary requires a positive outflow at all times \[[@bib20],[@bib21]\]. Therefore, while a weak background wind is provided for generating buoyancy-driven turbulence, extra model domain is needed on the leeward side of the city. This also requires extra computational cost. Third, more uncertainties will be incorporated in the estimation of initial thermal conditions. Heat fluxes are more difficult to monitor than winds. In such cases, validation of model results can be another obstacle.

The objective of this study is to demonstrate the knowledge gap between current practices and reality by comparing wind tunnel test results, field measurements, and a pair of LES experiments in Hong Kong, and to propose possible adaptations for future AVA practices based on the comparative results and knowledge of atmospheric boundaries under various conditions.

2. Data and methodology {#sec2}
=======================

In AVA studies, we are especially interested in pedestrian-level wind velocity. The wind velocity ratio (VR) is used as an indicator, which is calculated by VR = V~P~/V~∞~, where V~P~ is the wind velocity at the pedestrian level (2 m above the ground), and V~∞~ is the wind velocity at the boundary layer not affected by ground roughness. Apart from the meteorological data used in estimating the atmospheric stability class, this study includes some wind tunnel test results and field measurements from previous AVA studies, and a pair of LES experiments are undertaken for cross-comparison.

2.1. Observation and stability classification {#sec2.1}
---------------------------------------------

Utilizing observations from two urban weather stations in Hong Kong during 2006--2015, we estimate the probability of stability classes according to Pasquill\'s atmospheric stability classification scheme \[[@bib22]\]. Hourly cloud cover data are taken from Hong Kong Observatory Headquarters, while wind speed and global solar radiation data are taken from King\'s Park. The locations of these two weather stations are indicated in [Fig. 1](#fig1){ref-type="fig"} . We consider daytime hours (6 a.m.--8 p.m.) during all summer (June--August) days in 2006--2015.Fig. 1High-density living environment in Hong Kong: urban morphology of the Kowloon Peninsula. The blue triangles denote the locations of two meteorological stations, Hong Kong Observatory Headquarters (HKO) and King\'s Park (KP). The black box encloses the domain of Tsim Sha Tsui. The colored bar describes building height (m). The location of Waglan Island is indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

As listed in [Table 1](#tbl1){ref-type="table"} , atmospheric turbulences are categorized into six stability classes, namely A, B, C, D, E, and F, with class A being the most unstable, class F the most stable, and class D corresponding to neutral conditions. Thresholds for wind speed and cloud cover are quantitatively specified, while the threshold for daytime insolation is given only qualitatively, in terms of "strong," "moderate," and "slight," which has to be transferred as specific values. Based on hourly observations of global solar radiation from 6 a.m. to 8 p.m. on summer days, the 25th, 50th, and 75th percentiles are computed as 0.16, 0.79, and 1.84 MJ m^−2^, respectively. According to [Table 1](#tbl1){ref-type="table"}, daytime stability is classified. For example, when wind speed is lower than 2, classifications A and B are divided by the 50th percentile of solar radiation; when wind speed is between 2 and 3, classifications A and B are divided by the 75th percentile of solar radiation, classifications B and C are divided by the 25th percentile, and so forth.Table 1Pasquill stability classification scheme.Table 1Surface Wind Speed at 10 m (ms^−1^)Daytime InsolationNighttime Cloud CoverStrongModerateSlightThinly Overcast or ≥4/8 Low Cloud≤3/8 Cloud\<2AA--BB----2--3A--BBCEF3--5BB---CCDE5--6CC--DDDD\>6CDDDD

The probability of various classes of stability is calculated using all summer data during 2006--2015. The estimated result suggests that neutral conditions occur with a very low probability of about only 2%; even the weak unstable class C occurs less than 20% of the time. During most of the daytime (about 80%), atmospheric stratification in urban Hong Kong can be classified as moderate and strongly unstable (classes B and A). However, the estimation may not be very accurate due to some deficiencies of this methodology. There are three limitations to the use of the Pasquill stability classification scheme: First, the Pasquill scheme is widely used mainly because it requires only routine meteorological data, but it was originally developed in the United Kingdom at a location some miles from the coast, and should be restricted to the insolation values and climate conditions there. It has been found that various stability classification methods result in large discrepancies \[[@bib23]\]. Second is the restriction of local observations to Hong Kong. HKO is one of the two sites that have cloud cover observations (the other site is Hong Kong International Airport). It is located in a small park that is surrounded by a high-density urban area in Tsim Sha Tsui ([Fig. 1](#fig1){ref-type="fig"}), with an altitude of 32 m above mean sea level. KP is surrounded by a relatively larger green space on a small hill with an altitude of 65 m on the Kowloon Peninsula. The uncertainties introduced to the classification of stability by such environmental conditions are difficult to control. Finally, there is no information available as to how the parameters of strong, moderate, and slight should be chosen when the Pasquill scheme is used locally in Hong Kong.

Due to the abovementioned limitations of stability classification using the Pasquill scheme and ordinary meteorological observations, we use some samples of radiosonde observations to further demonstrate the probability of various types of atmospheric conditions in Hong Kong in summer. The radiosonde data are observed at King\'s Park ([Fig. 1](#fig1){ref-type="fig"}) and are available with open access from the University of Wyoming \[[@bib24]\]. In practice, equivalent potential temperature ($\theta_{e}$) is a useful measure of atmospheric stability. When $\theta_{e}$ increases with height, that is, $\frac{d\theta_{e}}{dz} > 0$, vertical motion is suppressed, and the atmospheric boundary is stably stratified. Correspondingly, $\frac{d\theta_{e}}{dz} < 0$ stands for an unstable boundary layer, and $\frac{d\theta_{e}}{dz} = 0$ represents a neutrally stratified atmospheric boundary layer.

Generally, sounding data are available only at 00:00 and 12:00 Greenwich Mean Time (GMT), that is, 08:00 and 20:00 Hong Kong local time. In this study, sounding data recorded at 20:00 local time are used. We demonstrate the results from September 2006 ([Fig. 2](#fig2){ref-type="fig"} ), when the street-level field measurements (introduced in Section [2.3](#sec2.3){ref-type="sec"}) are conducted. Meanwhile, data from July 2006, representing midsummer of the same year, are shown in [Fig. 2](#fig2){ref-type="fig"} as well. [Fig. 2](#fig2){ref-type="fig"}a and b are the $\Delta\theta_{e}$ of the first recording level above 200 m (approximately above the street canyons) and the ground level (66 m, 1 m above the elevation of King\'s Park) for July and September, respectively. Corresponding $\Delta Z$ is shown in [Fig. 2](#fig2){ref-type="fig"}c and d as a reference.Fig. 2Equivalent potential temperature difference ($\Delta\theta_{e}$) between the first recording level above 200 m and the ground level (66 m) taken from sounding measurements at King\'s Park in (a) July and (b) September of 2006. The lower panel (c and d) demonstrates the corresponding height difference ($\Delta Z$) of the two recording levels for July and September, respectively.Fig. 2

The sample result in July 2006 ([Fig. 2](#fig2){ref-type="fig"}a with two missing values) suggests that about 55.2% of the days are unstable $\left( {\frac{d\theta_{e}}{dz} < 0} \right)$, about 31.0% are stable $\left( {\frac{d\theta_{e}}{dz} > 0} \right)$, and about 13.8% are neutral $\left( {\frac{d\theta_{e}}{dz} = 0} \right)$. Note that this was at 8 p.m., after sunset. The probability of unstable boundary conditions should increase during summer afternoon hours compared to this time. In September, when the weather is cooler, the probability of unstable conditions decreases while the probability of stable and near-neutral conditions increases compared to July ([Fig. 2](#fig2){ref-type="fig"}b).

In general, using both the Pasquill stability classification scheme and the vertical gradient of $\theta_{e}$ from radiosonde observations suggests that the probability of a neutrally stratified boundary layer in urban Hong Kong in summertime is not high; specifically, it is lower than the possibility of a thermally stratified boundary layer. The assumption of a neutral atmospheric boundary condition in air ventilation studies of Hong Kong is not representative.

2.2. Wind tunnel tests {#sec2.2}
----------------------

Wind tunnel data are taken from an earlier AVA study \[[@bib25]\]. The study was conducted by local researchers under the instruction of the Hong Kong Planning Department (HKPD). Final reports can be downloaded from the HKPD web page \[[@bib26]\]. The wind tunnel tests were undertaken in accordance with international practice requirements and conducted at the CLP Power Wind/Wave Tunnel Facility (WWTF) of the Hong Kong University of Science and Technology \[[@bib27]\]. The CLP Power WWTF has a state-of-the-art subsonic boundary-layer wind tunnel. The overall size is 61.5 m long × 16.5 m wide × 7.5 m high. Miniature hot-film anemometers are used for wind velocity measurements.

The wind tunnel model at Tsim Sha Tsui at the southern edge of the Kowloon Peninsula ([Fig. 1](#fig1){ref-type="fig"}) was chosen for the comparison. A 1:400 scale model of the study area and surrounding areas was fabricated to represent the state of the urban areas corresponding to the existing conditions in summer 2006. Wind velocities were measured at 5 mm from the ground, which corresponds to 2 m in reality. The top of the boundary layer was at a scale height of 500 m. Locations of all 94 test points at this wind tunnel site are shown in [Fig. 3](#fig3){ref-type="fig"} . Green dots denote test point group A (TSA, 31 points), blue dots denote test point group B (TSB, 29 points), and red dots denote test point group C (TSC, 34 points).Fig. 3Locations of test points in the wind tunnel model at Tsim Sha Tsui for comparison with field measurements and numerical simulations. Green dots denote test point group A (TSA), blue dots denote test point group B (TSB), and red dots denote test point group C (TSC). The largest circle is used to define this site in the wind tunnel test, and the middle and two small circles are used as a location reference for the grouped test points. The colored bar describes building heights (m) on the site. The wind comes from the east (right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

2.3. Field measurements {#sec2.3}
-----------------------

Ground measurement data are adopted from the field measurements in "Urban Climatic Map and Standards for Wind Environment -- Feasibility Study" \[[@bib28]\]. Spot measurements were conducted using handheld equipment along preselected paths in Tsim Sha Tsui. Measurements were made along the paths at fixed points ([Fig. 4](#fig4){ref-type="fig"} ). The equipment used in the measurement included a 3-function sensor probe from TESTO \[[@bib29]\] for the measurement of air temperature and wind speed, and a TESTO 400 data logger for instant processing of the measured data. The data logger was set with a sampling time of 10 s and an averaging time of 3 min. All the equipment was ISO certified and was cross-calibrated in the laboratory before actual measurements were taken.Fig. 4Map of measurement paths and fixed measurement points in the Tsim Sha Tsui area.Fig. 4

Field measurements carried out on 19 September 2006 from 14:30 to 15:50 local time are utilized. It was a sunny and hot summer day. The air temperature observed at HKO during the field measurements was 28--29 °C, and the relative humidity was 60%--65%. The field measurements covered 54 measurement points and 1 reference point at the seafront in Tsim Sha Tsui ([Fig. 4](#fig4){ref-type="fig"}). Twelve trained researchers were employed and grouped into 6 teams to conduct the measurements. Each group started the measurements at the first point (close to the seashore) of their corresponding path at the same time; that is, Group 1 started at G1-1, while Group 2 started at G2-1, etc. ([Fig. 4](#fig4){ref-type="fig"}). During the measurements, measuring sensors were located 2 m above the ground and logged the data. When the measurement time was up, the researchers recorded the data and moved on to the next point at the designated time. Both temperature and wind speed were measured, but only wind data are used in this study. The values are listed in [Table 2](#tbl2){ref-type="table"} . The right-most column of [Table 2](#tbl2){ref-type="table"} gives the time of measurement.Table 2Measured wind speed (ms^−1^) data at Tsim Sha Tsui on 19 September 2006.Table 2Group 1Group 2Group 3Group 4Group 5Group 6TimePoint 12.32.03.62.52.33.414:30Point 22.33.62.61.63.12.314:40Point 33.02.51.62.30.51.814:50Point 40.90.81.41.51.82.515:00Point 51.51.61.51.42.23.815:10Point 60.91.01.61.21.22.415:20Point 71.71.20.81.81.31.215:30Point 81.41.01.51.51.63.015:40Point 91.50.71.20.50.70.815:50

Mapping of the spatial distribution requires relatively stable weather conditions during the entire measurement period; that is, temporal variation of the weather conditions should be insignificant \[[@bib30]\]. This requirement has been fulfilled for the field measurements used in this study. However, as all test points cannot be measured at the same time, uncertainties that could affect the results of the comparison between the measurements and numerical simulations are unavoidable. Moreover, the limited sampling time (5 min) for each point could import another uncertainty, as the LES represents a more stable situation with an hourly average. The realistic environment is difficult to fully consider in numerical modeling---for instance, the effects of greenery and traffic.

2.4. Large-eddy simulations {#sec2.4}
---------------------------

We employ an LES model to carry out CFD simulations in this study. LES overcomes the deficiencies of the RANS model by explicitly resolving large, energy-containing turbulent eddies and parameterizing only subgrid-scale (SGS) turbulence \[[@bib31],[@bib32]\]. LES provides not only mean flow fields but also instantaneous turbulences, which are especially important for human comfort at the pedestrian level in the urban canopy layer.

### 2.4.1. The parallelized large-eddy simulation model (PALM) {#sec2.4.1}

The LES model used in this study is the Parallelized LES Model (PALM), which was developed in 1997, when it was one of the first parallelized LES models for atmospheric research \[[@bib33]\]. The LES model has six prognostic quantities by default: the velocity components $u,\ v,\ w$ on a Cartesian grid, the potential temperature *θ*, specific humidity *q* ~v~ or a passive scalar *s*, and the SGS turbulent kinetic energy *e*. The governing equations are based on the non-hydrostatic, filtered, incompressible Navier-Stokes equations with Boussinesq approximation and are filtered implicitly using the volume-balance approach of Schumann \[[@bib34]\]. The governing equations of PALM are given in Maronga et al. \[[@bib35]\].

The modified version \[[@bib36],[@bib37]\] of the 1.5-order Deardorff scheme \[[@bib38]\] is used for turbulence closure. The Temperton algorithm \[[@bib39]\] for the fast Fourier transform is used to solve the Poisson equation for the perturbation pressure. For the time integration, a third-order Runge-Kutta scheme \[[@bib40]\] is used. The advection scheme used is the second-order scheme of Piacsek and Williams \[[@bib41]\]. Alternatively, a fifth-order scheme developed by Wicker and Skamarock \[[@bib42]\] can be utilized. The Monin-Obukhov similarity theory (MOST) is applied between the surface and the first grid level. Following the MOST, a constant flux layer is assumed as the boundary condition between the surface and the first grid level where scalars and horizontal velocities are defined \[[@bib35]\]. A Prandtl layer is assumed at each surface.

If non-cyclic horizontal boundary conditions are used, PALM provides the possibility of generating time-dependent turbulent inflow by using a turbulence-recycling method, which follows the one described by Lund et al. \[[@bib43]\] with modifications introduced by Kataoka and Mizuno \[[@bib44]\]. In front of the simulation domain, a recycling area is attached. The outflow boundary of this recycling area is the recycling plane, from where the turbulence signal $\varphi^{'}\left( {y,\ z,\ t} \right)$ is recycled:$$\varphi^{'}\left( {y,\ z,\ t} \right) = \varphi\left( {x_{recycle},y,z,t} \right) - \varphi_{y}{\left( {z,\ t} \right)\text{,}}$$where $x_{recycle}$ is the distance from the inflow boundary to the recycling plane, $\varphi_{y}\left( {z,\ t} \right)$ is the line average of a prognostic variable $\varphi \in \left\{ {u,\ v,\ w,\theta,e} \right\}$ along y at $x = x_{recycle}$. $\varphi^{'}\left( {y,\ z} \right)$ that is added to the mean inflow profile after each time step. The recycling area length $x_{recycle}$ should be much larger than the integral length scale of the respective turbulent flow to avoid the same turbulence structures being recycled repeatedly. Hence a precursor run, which can have a comparatively small domain horizontally for generating the initial turbulence field of the main run, is promoted \[[@bib35]\].

### 2.4.2. Experiment setups and simulation outputs {#sec2.4.2}

The computational domain is depicted in [Fig. 5](#fig5){ref-type="fig"} . The urban area is taken from the black box in [Fig. 1](#fig1){ref-type="fig"}, which encloses an area of 1 km by 1 km on the southeastern edge of the Kowloon Peninsula. In front of the city, a turbulence recycling area is added to the domain, where the turbulence-recycling method is applied to create a turbulent inflow for the simulation. The size of the recycling area is 480 m by 1 km, and it is 520 m away from the city area. The 520 m × 1 km buffer zone between $x_{recycle}$ and the city helps prevent the blocking effects of the buildings from reaching the recycling area, while the 1 km × 1 km buffer zone on the leeward side of the city helps ensure a positive outflow. As introduced, the radiative outflow condition in this non-cyclic boundary always requires a positive outflow. The topography was rotated 180° (north is downward) due to the requirement of the turbulence-recycling method that inflow must come from the left.Fig. 5The 3 km × 1 km LES model domain with the 1 km × 1 km urban topography (buildings) located in the middle. The white dashed line denotes $x_{recycle}$ in Eq. [(1)](#fd1){ref-type="disp-formula"}. The topography was rotated 180° (north is downward) to match the requirement of the turbulence-recycling method. The locations of the two test points for examining wind direction (WDIR) in [Fig. 14](#fig14){ref-type="fig"} are indicated.Fig. 5

Horizontal grid spacing is equidistantly 2 m. Grid-sensitive tests using PALM 4.0 for urban ventilation simulations have been conducted in recent studies and suggest that a grid size of 2 m is sufficient for such a task \[[@bib19],[@bib45]\]. Vertical grid spacing is 2 m below 300 m and is stretched with a stretch factor of 1.08 above. With 195 vertical levels, the top level is at about 1072 m. In the LES model, scalar variables are defined at the grid centers, while velocity components are shifted by half of the grid spacing. Therefore, horizontal wind velocity output from the 1 m and 3 m levels is linearly interpolated (averaged) to obtain V~P~ at 2 m above the ground. The no-slip bottom boundary condition and the free-slip top boundary condition are applied to the horizontal velocity components. A cyclic (periodic) boundary condition setup in the spanwise direction is implemented.

A low-velocity wind of 1.5 ms-1 is prescribed. As introduced, we focus on the crucial situation for urban ventilation in which only a low-speed background wind is present. Under such low wind conditions, the influence of buoyancy-induced turbulence becomes important, and ventilation will depend on the balance between thermal forcing and wind forcing. In addition, if high wind speed is used, more computational time will be needed because the time step has to be shorter. But a low background wind speed also requires a large buffer zone behind the city to ensure a positive outflow ([Fig. 5](#fig5){ref-type="fig"}). The time step lengths are optimized in the LES model. In the LES experiments described below, the mean time step lengths are between 0.34 s (for the unstable cases) and 0.68 s (for the neutral case). A 1 h precursor run, with a horizontal domain of 240 m × 240 m and the same height as the main run, is promoted for generating initial turbulent inflow profiles. The total simulation time for the main run is 2 h. The first hour is excluded in the analysis of the results, as the turbulences need this time to spin-up. The simulated results of the second hour are averaged for analysis.

Simulations are performed with different atmospheric stratification. The first simulation features a neutral stratification in which the influence of temperature on the flow field is excluded; that is, the calculation of the temperature equation is switched off. In this case, the major output elements are velocity components. Other simulations feature an unstable stratification realized by a prescribed homogeneous potential temperature of 300 K below 800 m and a capping inversion layer above with a potential temperature gradient of 1 K per 100 m, which is a general temperature setup for simulations of a convective boundary layer. More importantly, prescribed heat fluxes are generated from building rooftops and side walls. As in a realistic urban area with rather complex urban form, the thermal conditions and their balance with the velocity field are difficult to quantitatively decide by heat flux generation in the numerical simulation. Therefore, we carry out a set of test runs, namely T~0~, T~1~, T~2~, and T~3~, with various prescribed rooftop and side wall heat flux settings, as listed in [Table 3](#tbl3){ref-type="table"} . We deem that the approaching winds are always under neutral stratification due to general high wind speeds and very small surface roughness over open sea waters. Therefore, no surface heat fluxes are prescribed in the turbulence recycling area and the buffer zones.Table 3Prescribed heat flux settings for 4 diabatic test runs and their output parameters of heat and velocity, and estimated bulk Richardson number ($R_{b}$).Table 3CaseT~0~T~1~T~3~T~4~Rooftop heat flux (Kms^−1^)0.0050.10.20.3Side wall heat flux (Kms^−1^)0.0050.010.020.03$\theta_{CT}$ (K)300.00300.00300.01300.02$\theta_{0}$ (K)300.05300.08300.13300.16$U_{CT}$ (ms^−1^)1.621.621.591.61$R_{b}$−0.12−0.20−0.31−0.35

The bulk Richardson number ($R_{b}$) is estimated to examine the unstable stratified boundary layers of the simulations:$$R_{b} = gZ_{CT}\left( {\theta_{CT} - \theta_{0}} \right)/\left\{ {\theta_{0}\left( U_{CT} \right)^{2}} \right\}\text{,}$$where $g = 9.8\ ms^{- 1}$ is the acceleration of gravity, $Z_{CT}$ is the height of the canopy top, estimated at 200 m in this study (refer to [Fig. 6](#fig6){ref-type="fig"} ), $\theta_{0}$ is the potential temperature at the bottom (the lowest model level), and $\theta_{CT}$ and $U_{CT}$ are the potential temperature and wind speed at the canopy top (200 m), respectively. The parameters in [Table 3](#tbl3){ref-type="table"} are averaged from the 1 km × 1 km city area. Herein, $R_{b}$ for 4 diabatic test runs is estimated, ranging from −0.12 to −0.35 in [Table 3](#tbl3){ref-type="table"}. The more heat fluxes that are given in the LES, the larger the absolute $R_{b}$ value that will be obtained. [Fig. 6](#fig6){ref-type="fig"} demonstrates the potential temperature profiles averaged from 3 y-z sections that cross the city (at x = 1400 m, 1500 m, and 1600 m in [Fig. 5](#fig5){ref-type="fig"}) from 4 diabatic LES experiments.Fig. 6Vertical profiles of potential temperature averaged from 3 y-z sections that cross the city (x = 1400, 1500, and 1600 m in [Fig. 5](#fig5){ref-type="fig"}) in 4 diabatic LES test runs. The 4 runs are different in terms of prescribed heat fluxes to building rooftops and side walls. See [Table 3](#tbl3){ref-type="table"} for details.Fig. 6

### 2.4.3. Model validation {#sec2.4.3}

The LES model has been validated for simulating flows and turbulence characteristics at the street-canyon and neighbourhood scale \[[@bib46]\] and has been widely used in studies of urban street-canyon flows \[[@bib47], [@bib48], [@bib49], [@bib50]\], including high-density urban areas in Hong Kong \[[@bib51]\] and Macau \[[@bib45]\]. The code used in this study (PALM version 4.0) has been validated by a CFD guideline \[[@bib52]\] for pedestrian-level ventilation under neutral atmospheric conditions in recent studies \[[@bib53],[@bib54]\]. For simulation of the thermally stratified urban boundary layer, the model has been validated by Uehara\'s wind tunnel data \[[@bib55]\] for thermally stratified street canyons \[[@bib56]\]. This study focuses on pedestrian-level ventilation. Simulation outputs from the LES model are cross-compared with wind tunnel tests (under neutral conditions) and field measurements (under unstable conditions), which will be presented in the following section.

3. Results {#sec3}
==========

Wind tunnel test data, field measurements, and LES outputs are cross-compared to quantify their similarities and differences. We attempt to discover what causes deviations in pedestrian-level ventilation in different atmospheric conditions. In addition to wind speed, wind direction will be investigated as well. But first of all, we have to determine which diabatic simulation (T~0~, T~1~, T~2~, or T~3~) best represents the typical actual boundary conditions.

3.1. Choice of diabatic simulation {#sec3.1}
----------------------------------

The atmospheric stability of the urban boundary during the field measurements is estimated by meteorological observations. It is found that the hourly-averaged wind speed and global solar radiation observed at King\'s Park ([Fig. 1](#fig1){ref-type="fig"}) at 4 p.m. on 19 September 2006 are 2.9 ms^-1^ and 1.77 MJ m^−2^, respectively. According to Pasquill\'s classification scheme ([Table 1](#tbl1){ref-type="table"}) and the thresholds introduced above (here we simply apply the summer thresholds to the field measurement days in September), it can be deduced that there were unstable (class B) atmospheric conditions at the time the field measurements were taken.

There are very few data regarding $R_{b}$ in urban areas, and we are short of quantitative measurements for estimating $R_{b}$ in the urban boundary in Hong Kong. Nakamura and Oke measured the temperature and wind distribution in a real street canyon and provided an $R_{b}$ range from −0.45 to −0.17 on a clear midsummer afternoon \[[@bib57]\]. The estimated values of $R_{b}$ for the 4 diabatic runs in the present study, ranging from −0.12 to −0.35 ([Table 3](#tbl3){ref-type="table"}), are close to the field-measured values of Nakamura and Oke \[[@bib57]\]. The stratified conditions of the LES experiments can reproduce those observed in realistic urban areas.

Meanwhile, taking the comparison of the observed $R_{b}$ in Nakamura and Oke \[[@bib57]\] into consideration, wind tunnel experiments with thermal stratification by Uehara et al. \[[@bib55]\] suggest a set of tested values of −0.12, −0.19, and −0.21 for a weakly to moderately unstable stratified urban boundary layer. Evaluating our LES results in [Table 3](#tbl3){ref-type="table"} by this set of tested values in wind tunnel experiments of unstable stratification, T~1~, with an $R_{b}$ of −0.2, is deemed to be the best at reproducing a typical unstable stratified urban boundary layer. It is noteworthy that the wind tunnel speed V~∞~ of Uehara et al. \[[@bib55]\] is 1.5 ms^-1^ as well, the same as the setting in our LES experiments. Therefore, T~1~, with a mean kinematic heat flux of 0.1 Km^s-1^ (about 117.5 W m^-2^) prescribed to all building rooftops, and a mean kinematic heat flux of 0.01 Kms^-1^ prescribed to all building side walls, is chosen as the final diabatic simulation for the following comparative study.

3.2. Cross-comparison of velocity ratios {#sec3.2}
----------------------------------------

It is difficult to estimate V~∞~ in calculating VR for field measurements. The reference point at the seafront ([Fig. 4](#fig4){ref-type="fig"}) is deemed unsuitable, as it measures near-surface (2 m above the ground) wind speed in front of the city. We propose the wind observed at Waglan Island as V~∞~. Waglan Island is located approximately 5 km southeast of Hong Kong Island and has uninterrupted exposure to winds ([Fig. 1](#fig1){ref-type="fig"}). With a very small surface roughness over open sea waters \[[@bib58]\] and a relatively high anemometer elevation (83 m above mean sea level) \[[@bib59]\], data collected at Waglan Island are considered to be representative of the boundary-layer wind approaching Hong Kong. Hourly wind speed observed at Waglan Island at 4 p.m. on 19 September 2006 is 6.4 ms^-1^. The wind speeds in [Table 2](#tbl2){ref-type="table"} are divided by this value to gain the field-measured VR.

Wind tunnel tests described in Section [2.2](#sec2.2){ref-type="sec"} are conducted under the neutral assumption. Among 94 wind tunnel test points and 55 field measurement points, there are 37 overlapping points (excluding the reference point at the seafront). The IDs of these 37 points in both the field measurements and wind tunnel tests are listed in [Table 4](#tbl4){ref-type="table"} , together with their corresponding VR values. The mean values in [Table 4](#tbl4){ref-type="table"} suggest that the wind tunnel experiments may have underestimated the mean VR compared to field measurements.Table 4Velocity ratio (VR) at 37 overlapping test points of wind tunnel and field measurements, and opposite values in LES experiments.Table 4Wind tunnel test point IDField- measured point IDWind tunnel VRField-measured VRLES neutral VRLES unstable VRTSC26G1-30.250.470.240.39TSC25G1-40.090.140.080.17TSC18G1-50.280.230.190.36TSA25G1-60.130.140.050.12TSA10G1-70.120.270.040.20TSA13G1-80.170.220.120.19TSB24G2-30.210.390.300.43TSC13G2-40.190.130.280.33TSC14G2-50.200.250.150.27TSA23G2-60.200.160.070.22TSA08G2-70.150.190.060.17TSA09G2-80.210.160.110.16TSB06G3-40.230.220.210.37TSB07G3-50.250.230.150.19TSA28G3-60.080.250.150.29TSA05G3-70.090.130.120.18TSA06G3-80.190.230.110.25TSC27G4-20.200.250.120.32TSB26G4-30.280.360.310.22TSB04G4-40.120.230.100.20TSB08G4-50.340.220.280.19TSA29G4-60.250.190.210.14TSA30G4-70.240.280.120.31TSA03G4-80.050.230.020.33TSC33G5-20.290.480.210.50TSB16G5-30.120.080.050.08TSB15G5-40.320.280.400.31TSC21G5-50.240.340.110.39TSC23G5-60.190.190.110.23TSA02G5-70.090.200.140.16TSC10G5-80.200.250.170.24TSB20G6-30.090.280.060.30TSB19G6-40.470.390.410.59TSC22G6-50.440.590.380.59TSC24G6-60.110.380.060.32TSA01G6-70.120.190.160.24TSC09G6-80.320.470.310.43Mean values0.200.260.170.28Standard deviations0.100.110.100.12

LES-computed VR under neutral and unstable atmospheric conditions in Tsim Sha Tsui are shown in [Fig. 7](#fig7){ref-type="fig"} . It is obvious that the overall ventilation inside the city in the unstable experiment is better (with larger VR) than that in the neutral experiment. The overlapping test points of the wind tunnel and field measurements are located on the VR map of LES. Corresponding values are listed in [Table 4](#tbl4){ref-type="table"} to enable cross-comparison. The mean values given in [Table 4](#tbl4){ref-type="table"} show that the LES experiment under neutral conditions is more comparable to the wind tunnel tests, while the LES experiment under unstable conditions is more comparable to the field measurements. This is further demonstrated in the scatter plots and linear regressions in [Fig. 8](#fig8){ref-type="fig"} .Fig. 7LES-computed velocity ratio (VR) in Tsim Sha Tsui under (a) neutral conditions and (b) unstable conditions. Higher (lower) VR is described by cooler (hotter) colors in the vertical colored bar. The gray horizontal bar denotes building heights. The maps are rotated back to a normal orientation from the simulation, and the buffer zones behind the city are not shown. Input wind is from the east (right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 7Fig. 8Velocity ratio scatter plots and regressions of (a) field measurements and wind tunnel, (b) wind tunnel and neutral LES, and (c) field measurements and unstable LES.Fig. 8

[Fig. 8](#fig8){ref-type="fig"} shows that the wind tunnel predicts a relatively lower VR compared to field measurements, with a regression coefficient of 0.51 in [Fig. 8](#fig8){ref-type="fig"}a. Also, given an R-squared of 0.35, the regression between wind tunnel tests and field measurements is not very convincing. The regression between the wind tunnel and LES neutral is better, with a regression coefficient closer to 1 (0.89) and a larger R-squared of 0.67 ([Fig. 8](#fig8){ref-type="fig"}b). The linear relation between field measurements and the diabatic LES experiment is like that of [Fig. 8](#fig8){ref-type="fig"}c, giving a regression coefficient of 0.87 and an R-squared of 0.67 ([Fig. 8](#fig8){ref-type="fig"}c). Moreover, geometrical features of pedestrian-level VR obtained from these methods are shown in [Fig. 9](#fig9){ref-type="fig"} . The best-ventilated areas are located around the main Chatham Road South (see [Fig. 4](#fig4){ref-type="fig"}) for all cases in [Fig. 9](#fig9){ref-type="fig"}. In the narrow streets west of Chatham Road South, VR is around 0.2 for field measurements and the LES unstable run, but decreases to about 0.1 in the LES neutral run and even below 0.1 in some areas in the wind tunnel tests.Fig. 9Contour map velocity ratios meshed from the 37 test points of [Table 4](#tbl4){ref-type="table"}: (a) wind tunnel tests, (b) field measurements, (c) LES results of the neutral case, and (d) LES results of the unstable case. The overlapping test points of the wind tunnel tests and field measurements are demonstrated in colors, according to [Fig. 4](#fig4){ref-type="fig"}. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 9

3.3. Wind profile and thermal convection {#sec3.3}
----------------------------------------

According to our knowledge of boundary-layer meteorology, near-surface velocity over boundary-layer velocity is larger in an unstable atmospheric boundary layer than in a neutral one ([Fig. 10](#fig10){ref-type="fig"} ). Therefore, the wind tunnel tests predict a lower VR for the 37 overlapping test points compared to the field measurements, which should be caused by the difference in atmospheric conditions; that is, neutral in the wind tunnel but unstable in the field measurements.Fig. 10Wind speed variation with height (Z) in the surface layer for different static stability classes plotted on a semi-log coordinate \[[@bib60]\]. V~BL~ is the boundary-layer velocity.Fig. 10

Wind profiles under different types of atmospheric boundary layers in [Fig. 10](#fig10){ref-type="fig"} also explain why ventilation in the diabatic LES experiment is overall better than that under neutral conditions. [Fig. 11](#fig11){ref-type="fig"} depicts some LES-simulated zonal wind (u-wind) profiles, both in front of the city and in the middle of the city. These profiles demonstrate that the diabatic LES experiment produces greater near-surface velocity than the neutral case, especially inside the city where surface (building) heating is provided.Fig. 11LES-simulated zonal wind profiles: (a) in front of the city, (b) in the middle of the city, (c) in front of the city but below 120 m, and (d) in the middle of the city but below 120 m. Solid lines are the LES experiment under the neutral assumption, and dashed lines are under unstable stratification.Fig. 11

The higher wind speed in the diabatic case is related to the additional convective motion caused by heating from the buildings, which increases vertical mixing throughout the boundary layer in and above the city and leads to higher pedestrian-level ventilation compared to the neutral case. The vertical velocity sections in [Fig. 12](#fig12){ref-type="fig"} show that in front of the city, the vertical velocity fluxes are generated by the turbulence recycling method, without the surface heating difference, and the diabatic case ([Fig. 12](#fig12){ref-type="fig"}b) is similar to the neutral case ([Fig. 12](#fig12){ref-type="fig"}a) in the lower levels. The differences in the top levels are produced by temperature gradients in the capping inversion. In the middle of the city, much stronger vertical motion is found in and above the street canyons in the unstable case ([Fig. 12](#fig12){ref-type="fig"}d) than in the neutral case ([Fig. 12](#fig12){ref-type="fig"}c).Fig. 12Time-averaged vertical (y--z) sections of vertical velocity: (a) in front of the city under neutral conditions, (b) in front of the city under unstable conditions, (c) in the middle of the city under neutral conditions, and (d) in the middle of the city under unstable conditions. Warm colors represent rising motion, while cool colors denote sinking movement. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 12

3.4. Quantitative differences in simulations {#sec3.4}
--------------------------------------------

The previous section illustrates that better ventilation under unstable conditions is caused by surface heating and enhanced vertical mixing. In this section, the differences between the LES experiments under neutral and unstable conditions will be quantitatively compared. This is shown in [Fig. 13](#fig13){ref-type="fig"} , which compares VRs taken from random test points in the city of the two LES experiments.Fig. 13Quantitative comparison of urban ventilation under neutral and unstable conditions in LES: (a) the probability of velocity ratios taken from random test points in the city of the two LES experiments, and (b) the boxplot of the two datasets. The outlier algorithm of the boxplot is ignored.Fig. 13Fig. 14Wind direction of (a) a grid point in a narrow parallel street, and (b) a grid point in a wide perpendicular street at 2 m above the ground. The solid line represents the neutral case and the dashed line represents the unstable case. The output interval is one minute.Fig. 14

In this procedure, all street (unbuilt) grid points in each LES experiment are stored in a one-dimensional array, and 50,000 test points (about 30% of the total unbuilt grid points) are randomly taken from each array. The random function calculates the interval between test points using a normal distribution with a mean of the array size divided by the number of test points (50,000) and a standard deviation of 25% of the mean. The test points are randomly spread throughout the entire assessment area. Sensitivity tests were conducted regarding the number of test points, and no significant differences were found when the number of test points was larger than 50,000, which means that 50,000 test points are sufficient to produce the graphs in [Fig. 13](#fig13){ref-type="fig"}. Both the probability and the boxplot are produced by these 50,000 data points.

[Fig. 13](#fig13){ref-type="fig"}a shows that the diabatic LES experiment improves ventilation performance by increasing (decreasing) the probability of VR above (below) 0.15 compared to the neutral case. In each box of [Fig. 13](#fig13){ref-type="fig"}b, the central mark is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data points \[[@bib61]\]. It is obvious that all statistics except the minimum value in the diabatic LES experiment are significantly larger than in the neutral case. The median of VR in the unstable case is 0.26, twice that in the neutral case (0.13). The maximum VR in the unstable and neutral cases is 0.94 and 0.73, respectively.

3.5. Impacts on wind direction variance {#sec3.5}
---------------------------------------

Additional convective motion caused by heating in the unstable experiment increases not only wind speed, but also fluctuations in wind direction. We select two points, one located in a narrow street parallel to the input wind direction (Point 1 as denoted in [Fig. 5](#fig5){ref-type="fig"}), the other located in a wide street perpendicular to the inflow wind direction (Point 2 as denoted in [Fig. 5](#fig5){ref-type="fig"}). The surrounding building shapes of these two points vary largely, but we focus only on the wind variation under the two atmospheric conditions, rather than the surrounding urban forms. A time series of wind direction measured at 2 m above the ground during the last hour at these two grid points is shown in [Fig. 14](#fig14){ref-type="fig"}, with a solid line for the neutral case, a dashed line for the unstable case, and an output interval of 60 s.

Wind direction in the parallel street canyon is more homogeneous ([Fig. 14](#fig14){ref-type="fig"}a) compared to that in the perpendicular location ([Fig. 14](#fig14){ref-type="fig"}b), where intense rotations of wind occur in the lee of the buildings. But in both locations, we experience larger variance of wind direction in the unstable case than in the neutral case. Additional convective motion and enlarged eddy size due to surface heating should be major contributors to this difference in wind direction variance between the neutral and unstable cases.

Stronger variation in wind direction under unstable conditions implies that street orientation may be less important in urban ventilation compared to neutral conditions. This is verified by [Fig. 15](#fig15){ref-type="fig"} a. The frontal area index (λ~f~), which is defined as the frontal area of buildings in a certain wind direction over a site area \[[@bib62]\], is calculated from building data used in the simulations. This index has been widely used in urban wind environment investigations and is found to be an important morphological factor that influences urban ventilation \[[@bib63],[@bib64]\]. We compute only the frontal area index, rather than frontal area density, as we have only one inflow wind direction. Frontal area density is the accumulation of frontal area indices in all wind directions, weighted by the observed occurrences of different directions.Fig. 15Scatter plot of (a) velocity ratio and frontal area index λ~f~, and (b) velocity ratio and ground coverage ratio λ~p~. Blue dots denote the neutral LES experiment, and red crosses denote the unstable LES experiment. The black dashed line is the linear regression of the neutral case, and the green dashed line is the unstable case. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 15

Frontal area indices are calculated from 100 m × 100 m averaging areas inside the 1 km × 1 km city domain. In order to obtain more data samples, the averaging areas overlap. This is also a way to guarantee that the results are not influenced by random positioning of the averaging areas. In this procedure, the first averaging area covers a 100 m × 100 m region in one corner, say, the left-bottom corner of the city domain. The next averaging area moves 20 m (10 model grids) forward in one (x or y) direction, and so forth. In this way, a total of 2116 data samples are obtained in the 1 km^2^ city domain. The VRs are also averaged in such a way in both the neutral and unstable cases.

[Fig. 15](#fig15){ref-type="fig"}a demonstrates that pedestrian-level VR under neutral conditions gives a correlation of −0.45 with the λ~f~, which is significantly larger than −0.25 in the unstable case. Hence, street orientation seems to be less important for urban ventilation under unstable conditions due to larger wind direction variance compared to neutral conditions. The limitation of this is that the relationship between ventilation and λ~f~ is hard to justify given that only one wind angle is tested. [Fig. 15](#fig15){ref-type="fig"}b further demonstrates a scatter plot and regression between VR and the ground coverage ratio (λ~p~), which is defined as the ratio of ground area that is covered by the building to the site area. This parameter is computed using the same averaging areas and moving-window algorithm that were used in the calculation of λ~f~. More importantly, λ~p~ is independent of wind direction. [Fig. 15](#fig15){ref-type="fig"} suggests that the correlation between VR and λ~p~ is higher than that between VR and λ~f~ in both the neutral and unstable cases. The VR under neutral conditions gives a correlation of −0.51 with λ~p~, which is still larger than −0.4 in the unstable case ([Fig. 15](#fig15){ref-type="fig"}b). One possible cause is that stronger convective motion ([Fig. 12](#fig12){ref-type="fig"}) and greater wind direction variance ([Fig. 14](#fig14){ref-type="fig"}) in the unstable case reduce the effects of urban form and urban density on ventilation. Nevertheless, these results are still restricted by the limited domain and the complexity of the realistic urban morphology tested in the simulations. Future studies using parametric urban forms and urban densities while considering more input wind directions should be conducted to expand the preliminary result of this study.

4. Discussion {#sec4}
=============

In general, the neutral assumption, which does not consider thermal stratification in air dynamics, is a simple but widely accepted assumption for urban wind studies. But the fact that neutral conditions occur with a relatively low probability in summertime, as shown in both the Pasquill stability classification scheme and the vertical gradient $\theta_{e}$ from radiosonde observations in Section [2.1](#sec2.1){ref-type="sec"}, invokes the consideration of thermal stratification in studies of urban ventilation. In this case study, we cross-compare pedestrian-level VR taken from field measurements, wind tunnel tests, and a pair of LES experiments in a high-density area of Hong Kong.

The wind tunnel test under the neutral assumption is found to underestimate the ventilation as measured by pedestrian-level VR compared to the field measurements, which were taken during unstable atmospheric conditions ([Fig. 8](#fig8){ref-type="fig"}a). At the same time, the results of the LES experiment under the neutral assumption are consistent with those of the wind tunnel tests ([Fig. 8](#fig8){ref-type="fig"}b), while the unstable LES run captures the reality (field measurements) well ([Fig. 8](#fig8){ref-type="fig"}c). Such findings theoretically agree with our knowledge that near-surface wind speed over boundary-layer velocity should be significantly larger in unstable stratification than in neutral stratification ([Fig. 10](#fig10){ref-type="fig"}). The major cause is additional convective motion caused by surface heating, which increases vertical mixing throughout the boundary layer in and above the city. These thermodynamical features are well captured by the LES experiments ([Fig. 11](#fig11){ref-type="fig"}, [Fig. 12](#fig12){ref-type="fig"}). The quantitative difference in the LES results under neutral and unstable conditions are analyzed by VRs taken from random test points in the city ([Fig. 13](#fig13){ref-type="fig"}).

Impacts of different types of atmospheric conditions on wind direction variance in simulations of ventilation are evaluated. An unstable boundary induces stronger wind direction variance compared to a neutral boundary in the urban areas ([Fig. 14](#fig14){ref-type="fig"}). Therefore, the effects of street orientation on urban ventilation may be less important in an unstable boundary layer than in a neutral boundary layer. This is demonstrated by the regressions of the frontal area index and pedestrian-level VR under different types of atmospheric conditions ([Fig. 15](#fig15){ref-type="fig"}).

According to the findings in Sections [2](#sec2){ref-type="sec"}, [3](#sec3){ref-type="sec"}.4, we can deduce that current AVA practices under the neutral assumption are conservative if the actual atmospheric boundary is unstably stratified. But it is also noteworthy that unstable stratification generally occurs under weak wind conditions ([Table 1](#tbl1){ref-type="table"}). As the background wind (the boundary-layer velocity in [Fig. 10](#fig10){ref-type="fig"}) is weak, though the pedestrian-level VR under unstable conditions is significantly larger than that under neutral conditions, the actual wind environment, that is, the absolute wind speed at the pedestrian level, will not improve as much as the VR.

We considered only neutral and unstable stratifications in this study and did not look at stable stratification. Urban ventilation studies under stable atmospheric conditions are difficult due to a lack of in situ observations, and modeling (with a wind tunnel or CFD) of this type of thermal stratification is challenging. But the effects of a stably stratified boundary on urban ventilation should be the subject of a future study. According to [Fig. 10](#fig10){ref-type="fig"}, stable boundary conditions may be the worst situation for urban ventilation, as they produce the smallest near-surface velocity over boundary-layer velocity compared to the other two types of conditions, and the background wind is generally not very strong ([Table 1](#tbl1){ref-type="table"}).

5. Conclusions {#sec5}
==============

To conclude, wind tunnel tests under the neutral assumption underestimate the overall ventilation as measured by pedestrian-level VR compared to field measurements, which were conducted during an unstably stratified atmospheric boundary. VRs in the unstable LES case are in line with field measurements, while those in the neutral case are close to the wind tunnel tests. Overall ventilation under unstable conditions is found to be better than that under neutral conditions. Current AVA practices under the neutral assumption are conservative if the actual situation includes an unstably stratified boundary layer. Enhanced convective motion due to surface heating in unstable conditions is the main reason the neutral assumption can be conservative. Moreover, stronger wind direction variance under unstable conditions results in weaker correlation between VRs and frontal area indices than under neutral conditions. This implies that street orientation is less important in street-level ventilation under unstable conditions than in neutral conditions, due to the importance of surface heating effects in unstable conditions.
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